Constraints on anomalous spin-spin interactions from spin-exchange collisions 
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Measured and calculated cross sections for spin-exchange between alkali atoms and noble gases 
(specifically sodium and helium) are used to constrain anomalous spin-dependent forces between 
nuclei at the atomic scale (~ 10 -8 cm). Combined with existing stringent limits on anomalous short- 
range, spin-dependent couplings of the proton, the dimensionless coupling constant for a heretofore 
undiscovered axial vector interaction of the neutron arising from exchange of a boson of mass 
< 100 eV is constrained to be g\j V A-kTic < 2 x 10 -3 . Constraints are established for a velocity- 
and spin-dependent interaction oc (I ■ v)(K ■ v), where I and K are the nuclear spins of He and Na, 
respectively, and v is the relative velocity of the atoms. Constraints on torsion gravity are also 
considered. 

PACS numbers: 14.80.Va, 04.80.Cc, 21.30.Cb, 34.80.Nz 
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In the continuing effort to understand interactions be- 
tween particles, the possibility of the existence of new 
fundamental forces often arises. Here we investigate con- 
straints on anomalous, heretofore undiscovered spin-spin 
interactions between atomic nuclei based on the compar- 
ison between experimental measurements and theoretical 
estimates of spin-exchange cross sections between alkali- 
metal atoms and noble gas atoms. 

Recently, Dobrescu and Mocioiu [l[ parameterized the 
long-range potentials induced by the exchange of new 
gauge bosons or spinless particles between fermions as- 
suming rotational invariance, and reviewed existing lim- 
its on such potentials from measurements of macroscopic 
forces and astrophysical observations. They noted that 
although there have been numerous searches for long- 
range spin-independent forces (see, for example, Ref. [2[ 
for a review), there are far fewer searches for spin- 
dependent forces, which in fact offer a richer variety 
of observables. Among the experimental searches for 
spin-dependent forces, most have explicitly searched for 
monopole-dipole or dipole-dipole interactions, such as 
those that would arise due to axion exchange [3|. 

Recent experiments have significantly improved con- 
straints on anomalous dipole-dipole interactions between 
neutrons [J, |5j and monopole-dipole interactions between 
electrons and nucleons [6|. Previous experiments have 
constrained monopole-dipole interactions between nu- 
clei and anomalous dipole-dipole interactions between 
electrons d, 0] and electrons and nuclei ■ These ex- 
periments also place limits on exotic spin-dependent in- 
teractions predicted by a variety of novel theories [Ill4l8|. 

The aforementioned experimental constraints on 
anomalous spin-dependent forces between fermions have 



all been obtained at the laboratory scale, where the dis- 
tance between the interacting particles is on the order 
of a few centimeters or larger. The only constraint on 
anomalous spin-dependent forces below the centimeter 
scale was obtained by Ramsey in 1979 [l!| by compar- 
ing theoretical calculations and experimental measure- 
ments of the tensor force between protons in molecular 
hydrogen, which extends limits on anomalous spin-spin 
interactions between protons down to the molecular scale 
(~ 1CP 8 cm). Because of the possibility that new forces 
may have limited range, it is of considerable interest 
to find experimental techniques to search for anomalous 
spin-dependent interactions at short distances. 

Constraints on anomalous spin-dependent interactions 
at the scale of interatomic distances can be obtained 
from measurements and calculations of spin-exchange 
collision cross sections. In the following we investigate 
the possible contribution of anomalous spin-spin interac- 
tions to spin exchange between light alkali-metal atoms 
and noble gases, for which the spin-exchange cross sec- 
tions are typically quite small (~ 10~ 24 cm 2 [2(| l2lj|). 
The interaction of colliding atoms are dominated by the 
spin-independent interatomic potential V(R), where R 
is the internuclear separation, and spin exchange is in- 
duced by a much smaller, spin-dependent potential aris- 
ing from electric and magnetic fields generated inside the 
atomic cores. If the usual spin-dependent potentials aris- 
ing from electromagnetic interactions are replaced with 
anomalous spin-dependent potentials generated by the 
exchange of new force-mediating particles, we can calcu- 
late the contribution of such anomalous potentials to the 
spin-exchange cross sections and thereby constrain the 
range and coupling of such hypothetical particles from 
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TABLE I: Comparison of experimental measurements and 
theoretical calculations of the binary spin-exchange cross- 
section ctse f° r Na and 3 He collisions (scaled to temperature 
T = 100°C according to a T _1 dependence, as in Ref. [U). 
Uncertainties in theoretical estimates of cross-sections are 
from Refs. [HHH]. 

°"SE (Experiment) crgE (Theory) Ref. 

m 2 [22] 
m 2 [23] 
1.2(6) x 10" 24 cm 2 [20J 
1.4(4) x 10~ 24 cm 2 [24] 



1.26(22) x 10" 
0.95(09) x 10" 



the agreement between experiment and theory. 

Experimental data on spin-exchange cross-sections be- 
tween light alkali-metal atoms and noble gases are rather 
sparse; here we consider one of the better studied sys- 
tems, collisions between Na and 3 He, for which the bi- 
nary spin-exchange cross-section ctse was measured in 
Refs. I22 U23I . and calculations have been performed in 
Refs. [2CJ, |24j (see Table HJ . In addition to providing the 
smallest cross sections, focusing on light atoms allows for 
the simplest calculations since the interaction is domi- 
nated by binary collisions of relatively short duration, 
minimizing the contribution of the spin-rotation interac- 
tion and three-body effects [2(1 [2l[ . 

The weighted average of the experimental measure- 
ments of ctse for Na- 3 He collisions is 1.0(1) x 10~ 24 cm 2 
and the weighted average of the calculations is ctse = 
1.3(4) x 10~ 24 cm 2 . The experiments and calculations 



are in agreement at the 1-ct level. Reference [24[ suggests 
that the theoretical uncertainty is dominated by uncer- 
tainties in the calculation of the Fermi contact hyper- 
fine interaction between the electron spin of Na and the 
nuclear spin of 3 He. Spin-exchange between light alkali- 
metal and noble gas atoms is described by the Hamilto- 



H IS = a(R)I ■ S , 



which couples the noble gas nuclear spin I to the alkali- 
metal electronic spin S. The coupling strength a(R) 
of the magnetic-dipole interaction is determined by the 
Fermi contact interaction, which can be approximated as 
27 1 
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where [Ib is the Bohr magneton, fj,j is the magnetic mo- 
ment of the noble gas nucleus, and ip(R) is the wave func- 
tion of the valence electron of the alkali atom evaluated 
at the position of the noble gas nucleus R. Due to the 



large kinetic energy acquired by the valence electron in 
the core potential of the noble gas atom, the valence elec- 
tron wave function of the alkali-metal atom is enhanced 
by a factor of rj at R compared to the wave function in 
the absence of the noble gas [2J, |2j], |28| . Because of the 
sensitive independence of the Fermi contact interaction, 
atomic theory for the electron wave functions is likely 
not accurate enough to exactly reproduce the experimen- 
tal results. Nonetheless, because there are independent 
measurements confirming that the valence electron wave 
functions are reasonably accurate (for example, measure- 
ments of spin-exchange frequency shifts [29( and hyper- 
fine pressure shifts [21], H(|), we conservatively estimate 
that the contribution to the spin-exchange cross section 
from anomalous spin-spin interactions must be less than 
twice the theoretical uncertainty, 



CTsE(anom) < 0.8 x 10 



" 24 cm 2 



(3) 



which is, in fact, nearly the entire value of the measured 
cross section. 

We consider the possible contribution to the Na- 3 He 
spin-exchange cross section of three of the anomalous 
spin-spin potentials proposed by Dobrescu and Mocioiu 
[l| based on exchange of a single new boson of mass m 
within a Lorentz-invariant quantum field theory. We as- 
sume the interaction is between the 3 He nuclear spin I 
and the Na nuclear spin K, since limits on anomalous 
interactions between the electron spin and the 3 He spin 
from spin-exchange collision measurements are expected 
to be extremely weak because of the dominance of the 
previously discussed uncertainties in the theoretical cal- 
culation of the Fermi contact interaction. According to 
the nuclear shell model [3l|, Na- 3 He spin-exchange pre- 
dominantly probes anomalous interactions between the 
valence protons of the Na nucleus and the valence neu- 
tron of 3 He. (For 23 Na, with K = 3/2, according to 
the jj coupling scheme the nuclear spin arises mainly 
from three valence protons above the closed shell in the 
3c? 5 /2 state |3lj : for 3 He, the nuclear spin is primarily 
(1) due to that of the single neutron in the lsx/2 state.) It 
should be noted that the only existing atomic-scale lim- 
its on anomalous spin-spin interactions are between pro- 
tons [lj| , and the most sensitive laboratory-scale searches 
have probed neutron- neutron interactions [4j,|5|, electron- 
electron interactions @, 0) or electron- nucleon interac- 
tions [l(| ■ There is no theoretical expectation for the re- 
lationship between coupling constants for different parti- 
cles, thus the analysis of the present work places limits on 
previously unconstrained anomalous potentials between 
neutrons and protons. 

If the new boson is an axion-like pseudoscalar (P), 
there arises a dipole-dipole potential between 3 He and 
Na [3,11, 
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where g^,g v p j (Antic) is the dimensionless pseudoscalar 
coupling constant between the neutron and proton and 
m n and m p are their respective masses. (The subscripts i 
for the anomalous potentials Vi(R) are chosen to match 
the notation of Ref. [1].) If the new boson is a spin-1 
axial vector (A) particle, there arises a Yukawa potential 
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as well as a velocity-dependent spin-spin potential that 
can contribute to the spin-exchange cross section, 



V 8 (R) 
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where v is the relative velocity between the colliding 
atoms. (A vector or axial vector interaction can also pro- 
duce a V${R) potential.) It should be noted that there 
are also more general theoretical possibilities that gen- 
erate the above potentials, as well as a variety of other 
spin-spin interactions jlj]. 

To calculate <7sE(anom) between Na and 3 He for the 
various anomalous potentials considered above, we follow 
the procedure outlined in Refs. [2(J 21 1 for calculation 



of spin-exchange cross sections, replacing the Fermi con- 
tact interaction Hamiltonian ([1]) with the various anoma- 
lous potentials [Eqs. (d))-®]- Our method of calculation 
was checked by reproducing the results in Refs. 2(J 21 1 
for the usual spin-exchange cross sections and frequency 
shifts for a variety of light alkali- metal/noble-gas pairs. 
Because the interaction time between the alkali-metal 
atom and noble gas atom during the collision is suffi- 
ciently brief (~ 10~ 12 s) so that spin precession can be 
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ignored, first-order time-dependent perturbation theory 
can be used, yielding, after averaging over the angular 
variables 1201. 
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where /i is the reduced mass, w — iiv 2 / '(2fcsT), r$ is 
the classical turning point of the trajectory, b is the im- 
pact parameter, V(R) is the Na-He interatomic potential 
curve, and Ai(R) are the corresponding anomalous spin- 
exchange potential coefficients given by the average over 
possible directions of R and v for colliding atoms [anal- 
ogous to Eq. ©], 



Vi(R)=Ai(R)I-K 



where 
A 2 (R) 



gig a. hc 



-mcR/h 



Antic R 

3 ^ ~ Antic Am n m p c \3tiR 2 h 2 R 



A S (R) 



gig A ft™ 2 c -mcR/h 

Antic 3R 
g\g A 2hck B Tw 

— mcR/h 



(8) 

(9) 
(10) 

(11) 



As noted, in the above calculation for As(R) we carry out an average of ^1 • • tlj over all possible ori- 

entations of R with respect to the spins, and an identical angular average over possible orientations of v is re- 
quired for calculation of A%(R). Expressing R in terms of spherical coordinates centered at the alkali nucleus, 
R = (sin# cos </>, sin 9 sin0, cos 9), we can write 
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where 



RR 



sin 2 [9) cos 2 (</>) 
sin 2 (9) sin(</>) cos(^) 
sin(0) cos(0) cos(</)) 



sin 2 (9) sm((/>) cos(0) sin(0) cos(#) cos(</>) 
sin 2 (9) sin 2 (</>) sin(9) cos(9) sin(^) 
sin(0) cos(6>) sin(</>) cos 2 (9) 
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The angular average can then be readily obtained: 
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which yields the intuitive result 



(14) 



I • R K ■ R ) = -I K 
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(15) 



4 



where (■ ■ ■ ) indicates the average over different orienta- 
tions of R, and similarly 



((I.v)(K.v)) = y I.K 



(16) 



A more detailed analysis of this problem using the 
Wigner D-functions is described in Ref . [IH . It should be 
noted that because of the angular averaging As(R) — > 
as to — > 0. 

For the Na-He interatomic potential curve V(R), we 
use a fit to the experimental results obtained by Havey 
et al. [33| (coefficients arc in atomic units, accuracy as- 
sumed at the level of the last significant digit), 



V(R) = 0.27816 x 



-0.799A 



(17) 



which offers a simple analytical form and is in good 
agreement with theoretical calculations (for example, 
Refs. 0-113). 

We numerically integrate Eq. ([7]) for given values of 
m and then limit the value of the dimensionless coupling 
constants based on the agreement between measured and 
calculated spin-exchange cross sections [Eq. ([3}]. The re- 
sults of our calculations are shown in Figs. [1] and [2J which 
also show constraints on proton-proton interactions set 
by Ramsey 19| . Note that the constraints on axial vector 
coupling constants are (upper plot, Fig. [1]) are orders-of- 
magnitude more stringent than the constraints on pseu- 
doscalar coupling constants (lower plot, Fig. [T]). This 
arises simply from the different forms of the anomalous 
potentials A 2 (R) and A 3 (R) [Eqs. © and (fTOl) . respec- 
tively]. At the typical minimum internuclear separation 
in collisions or molecules (R ~ 0.1 nm), for equal values 
of the axial vector and pseudoscalar coupling constants, 
A2(R) is roughly twelve orders of magnitude larger than 
As(R), explaining the large difference between the limits. 

Our work establishes the first limits on the velocity- 
and spin-dependent interaction V 8 (R) [Eq. ([B]), Fig. [5], 
with a long-range limit (boson mass < 1 eV) 



9l9 P A 
Antic 



< 3.4 x 10- 



(18) 



Limits on V2(R) and V^(R) from the work of Ram- 
sey [l9| on spectroscopy of molecular hydrogen are more 
stringent by several orders of magnitude, and can be used 
to limit the proton coupling constants. For example, for 
a boson of mass 100 eV (range A«2x 10~ 7 m), 
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< 7.4 x 10~ 3 , (19) 



which when combined with our results provide the first 
limits on the neutron couplings at the atomic scale: 
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(20) 
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FIG. 1: Constraints on the dimensionless coupling constants 
g\g v A l \4nTic) (upper plot) and gpg P / '(Antic) (lower plot) as a 
function of boson mass from calculation of the possible con- 
tribution of an axial vector (A) or pseudoscalar (P) interac- 
tion [V2(R) and Vs(R), see Eqs. ((5]) and (j4]), respectively] to 
the Na-He spin-exchange cross section (solid line and dark 
gray fill). The dashed line and light gray fill shows the corre- 
sponding constraints on (g v A ) 2 /{Antic) and (g P ) 2 / (Anhc) from 
calculations and measurements of molecular hydrogen spec- 
tra Note that the constraints roll off at a boson mass 
of m > 1000 eV which corresponds to a Compton wavelength 
less than or equal to the typical internuclear separation in 
molecules. 



The above analysis can also be used to place bounds on 
torsion gravity. According to general relativity, a purely 
tensor theory, the intrinsic spin of a particle is unaf- 
fected by the local gravitational field [38l442| . However, 
in extensions of general relativity based on a Riemann- 
Cartan spacetime instead of a Riemann geometry, the 
gravitational interaction is described by a torsion tensor 
which can generate spin-mass and spin-spin interactions 
Ill4l4|. Depending on the specific model, these spin- 
dependent couplings can be long- or short-range [4314461 ] . 



The spin-spin interaction generated by a standard propa- 
gating torsion field is similar to the dipole-dipole coupling 
V 3 (R) @, |4(| , and can be parameterized in terms of a di- 
mensionless parameter ft and a length scale A [equivalent 
to the Compton wavelength for a particle of mass m in 
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FIG. 2: Constraint on the dimensionless coupling constant 
9a9a/ (4vt7ic) as a function of boson mass for the velocity- and 
spin-dependent-interaction Vg(i?) [Eq. ((B)], based on Na-He 
spin-exchange cross section measurements and calculations. 
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FIG. 3: Constraint on the dimensionless torsion gravity cou- 
pling constant f3 2 as a function of interaction range A for 
neutron-proton interactions (solid line, dark gray fill — from 
Na-He spin-exchange collision cross section measurements) 
and for proton-proton interactions (dashed line, light gray 
fill — from molecular hydrogen spectroscopy QjJ). 



stringent, emphasizing the superiority of molecular spec- 
troscopy as a method for constraining anomalous spin- 
dependent forces at atomic scales. In the future we 
plan to explore the possibility of using new molecular 
spectroscopy experiments to search for anomalous short- 
range spin-dependent interactions. 

Also of interest is the recent work of Walker, Nel- 
son, and Kadlecek [47J which demonstrates a method by 
which isotropic and anisotropic spin-exchange rates can 
be differentiated purely through experimental data. Such 
a method could be adapted to enable direct experimen- 
tal searches for short-range spin-dependent interactions 
using measurements of spin-exchange cross-sections with- 
out reference to theoretical calculations. 

In conclusion, by_ 
and calculations I2C 
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comparing measurements 
24j of the Na- 3 He spin-exchange 



cross section ctse , we have determined a conservative up- 
per limit to the possible contribution of anomalous spin- 
dependent interactions to ctse- Employing a calculation 



2l|, we have con- 



modeled on the work of Walker |2C 
strained three possible spin-dependent potentials induced 
by the exchange of new gauge bosons or spinless parti- 
cles between fermions We have established the first 
constraint on a velocity- and spin-dependent potential 
Vg(ii) oc (I ■ v)(K • v), where I and K are the nuclear 
spins of He and Na, respectively, and v is the relative 
velocity of the atoms. We have also established the first 
constraints on anomalous spin-dependent neutron cou- 
plings at the atomic scale. Our analysis also provides 
constraints on short-range torsion gravity fields. 
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0652824 and PHY-0969666 from the National Science 
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State University - East Bay. 
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where G is the gravitational constant. Constraints on 
short-range proton-proton and neutron-proton torsion 
gravity couplings are shown in Fig. [3] The minimally cou- 
pled Dirac equation for a spin- 1/2 particle [43H46l | leads 
to j3 = 1 and A — !• oo 46]. The recent experiment of 
Romalis and co-workers 5[ sets the limit (3 2 < 2.2 x 10 28 
for A > 50 cm. 

In comparison to the earlier work of Ramsey fl~9j ] on 
anomalous spin-dependent couplings of the proton, our 
limits on Yukawa [^(ii), Eq. ((SJ)] and dipole-dipole 
[Va(R), Eq. (UJ)] couplings are orders-of- magnitude less 
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